T endinosis of the long head of the biceps has long been recognized as a possible source of shoulder pain 1, 2 . Although the pathomechanism by which it acts as a pain generator in the shoulder is not fully understood, tenodesis of the biceps tendon is commonly performed to address the disease. Many surgeons prefer biceps tenodesis over tenotomy in order to maintain the length-tension relationship of the biceps muscle, thereby preventing cramping, preserving strength, and providing better cosmesis 3, 4 . With the evolution of suture anchors, cortical buttons, and interference screws, numerous biceps tenodesis techniques have been described. Most of these surgical constructs have demonstrated excellent time-zero pullout strengths [4] [5] [6] [7] , with each technique designed to facilitate tendon-to-bone healing through integration within a bone tunnel or on the cortical surface. Advocates for bone-tunnel fixation believe that healing may be enhanced by its allowance of more contact surface area between the tendon and cancellous bone and greater exposure to marrow-derived endogenous stem cells [8] [9] [10] . However, the creation of a large cortical hole using this technique can lead to stress concentration, increasing the risk of fracture 11, 12 . Furthermore, placement of the biceps tendon in a bone tunnel generates a "killer turn" that positions the tendon orthogonal to the tunnel aperture, which can result in local deformations of the tendon 13, 14 . Although techniques that affix the long head of the biceps tendon either within a bone tunnel or on the cortical surface have demonstrated good clinical results [14] [15] [16] , each has its own specific complication profiles 11, [17] [18] [19] [20] , and it is currently unknown as to which method results in a stronger biological construct. Ultimately, the long-term success of tenodesis likely depends on the integrity of tendon-to-bone healing.
The purpose of the current study was to evaluate tendonhealing within a bone tunnel compared with healing on a cortical surface in a rabbit model of biceps tenodesis. We assessed tendon-to-bone healing at 8 weeks with biomechanical testing, microcomputed tomography (micro-CT), and histomorphometric analysis.
Materials and Methods
T hirty-two skeletally mature, male New Zealand White rabbits (age, 24 weeks; weight, 3.2 to 3.9 kg) were used to evaluate tendon-to-bone healing in a biceps tenodesis model. The rabbits were obtained from a U.S. Department of Agriculture-licensed dealer and were housed in the facility for the care of laboratory animals in accordance with the standards established by the National Institutes of Health. This study was approved by the Institutional Animal Care and Use Committee.
Experimental Design
All animals underwent unilateral tenodesis of the long head of the biceps tendon of the right shoulder. Sixteen rabbits were assigned to each experimental group (bone tunnel [BT] or cortical surface attachment [SA] ). Surgeries were performed in a randomized fashion, and all animals were killed at 8 weeks postoperatively. Ten rabbits from each group were prepared for biomechanical testing, 7 of which underwent scanning with use of micro-CT prior to testing. The other 6 rabbits were prepared for histological evaluation.
Surgical Procedure
Animals were anesthetized by the Research Animal Resource Center staff with use of intramuscular ketamine hydrochloride (50 mg/kg) and midazolam (4 mg/kg) and maintained on inhalation anesthesia (isoflurane, nitrous oxide, and oxygen). Intramuscular penicillin G procaine (150,000 units) was administered for infection prophylaxis. The deltopectoral approach was used to expose the humerus. The rotator interval was opened, and a 5-mm segment of the biceps tendon was marked in situ at the level of the surgical neck, where the suprapectoral tenodesis was performed. This was done to maintain the native length-tension relationship of the biceps. The biceps origin at the superior part of the glenoid was then sharply released, and the bicipital groove was exposed. For fixation in the BT group, a single tunnel measuring 2.4 mm in diameter was drilled unicortically within the bicipital groove, to a depth of 5 mm. Through this created tunnel, a 1.1-mm hole was then drilled, exiting the lateral humeral cortex. A locking whipstitch using 2-0 Ethibond suture (Ethicon) was placed through the proximal end of the tendon. The suture ends were shuttled through the tunnel and out the lateral Proximal biceps tenodesis with tendon fixation within a bone tunnel ( Fig. 1-A) or on the cortical surface ( Fig. 1-B) . Fig. 1 -A The biceps tendon is docked within a bone tunnel 2.4 mm in diameter and secured with sutures tied over a cortical button for suspensory fixation. Fig. 1 -B Two modified Kessler sutures are placed in the proximal end of the biceps tendon, shuttled through drill holes to the lateral cortex, and tied over a bone bridge.
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T 21, 2018 cortex, and the 5-mm marked portion of tendon was docked within the medullary canal ( Fig. 1-A) . The sutures were tied over a metal cortical button on the lateral humeral cortex for suspensory fixation ( Fig. 1-A) . For fixation in the SA group, the cortical surface within the bicipital groove was exposed and slightly decorticated with a scalpel, without breaching the cortex. Two sets of parallel, 1.1-mm holes, 5 mm apart, were drilled in a bicortical fashion starting within the groove and exiting the lateral part of the humerus. This created a rectangular pattern of a total of 4 holes within the bicipital groove. Two modified Kessler stitches using 2-0 Ethibond were placed in the 5-mm marked portion of the tendon, resulting in 4 suture limbs. These limbs were then shuttled through the corresponding drill holes and tied over a bone bridge on the lateral cortex ( Fig. 1-B) . Postoperatively, the rabbits were allowed normal activity in individual cages, without immobilization. Animals were observed twice daily for signs of pain and were given 0.01 to 0.05 mg/kg of Buprenex (buprenorphine) intramuscularly up to twice per day for postoperative analgesia. At 8 weeks, the animals were killed by a dose of intravenous phenobarbital.
Biomechanical Testing
Forequarter limbs were frozen and stored at -80°C until biomechanical testing. At the time of biomechanical testing, the limbs were thawed at room temperature, and all soft tissue except for the attached biceps tendon was removed. Additionally, all suture and cortical buttons were removed, with care taken so as to not violate the tenodesis site. The humerusbiceps tendon complexes were fixed in a custom-designed device allowing tensile loading along the axis of the biceps tendon in a custom Materials Testing machine. The humeral shaft was fixed with a clamp and additionally secured with 2 Kirschner wires. For a set of native biceps-intact specimens, all soft tissue was removed from the scapula, with the exception of the glenoid-biceps tendon complex. The entire scapula was potted in Bondo lightweight filler (3M) and locked in a vise grip. The biceps tendons were cleared of residual muscle and secured in a custom grip oriented along its longitudinal axis. Following 3 cycles of preconditioning to 5 N at a rate of 1 mm/min, a load-to-failure test was performed at an elongation rate of 1 mm/min. Stiffness (N/mm) was calculated from the slope of the linear region of the load-elongation curve. The mode of failure was recorded for each specimen.
Micro-CT
After the animal was killed, the humerus was disarticulated at the elbow joint, and the biceps tendon was detached distally from its radial attachment. Bone morphometry and density were evaluated by micro-CT (Scanco mCT 35; Scanco Medical). Scans were performed at 15-mm voxel size (E = 55 kVp), 0.36°rotation step (180°angular range), and 400-ms exposure per view. Scanning was performed with all specimens placed in Dulbecco phosphate-buffered saline solution. After 3-dimensional reconstruction of the images, contours of newly formed bone on the cortical surface were manually drawn on all slices from 5 mm proximal to 5 mm distal to the center of the attachment site. Additionally, for the BT specimens, cylindrical contours of newly formed bone within the bone tunnel were manually drawn on all slices from the tunnel aperture to a depth of 5 mm. Within these areas of interest (representing total volume), calculations of bone volume, bone 21 .
Fig. 2
Results of biomechanical testing of biceps tendon-bone constructs. No significant differences in mean ultimate load to failure or stiffness between the groups was found. The error bars represent the standard deviation.
481
T
volume fraction (bone volume/total volume), apparent density (equal to mineral content/total volume), and tissue mineral density (equal to mineral content/bone volume), were performed using a global threshold of 400 mg/cm 3 . Images and 3-dimensional reconstructions were evaluated with the use of Scanco mCT software (DECwindows Motif version 1.6; HP).
Histological Analysis
At the time that the animals were killed, the disarticulated humerus-tendon specimens were fixed in 10% neutral buffered formalin for 48 hours and then decalcified in Immunocal (Decal Chemical) for 72 hours. The tissues were then dehydrated with ethanol and embedded in paraffin. For the BT specimens, sections were made from the middle of the tunnel by cutting the tunnel in half lengthwise and then embedding each half. Tissues were embedded exactly perpendicular to the biceps tendontunnel complex to obtain an axial cross-section. For both groups, sagittal sections were made through the middle of the bicipital groove containing the tendon-cortical surface interface and then embedded. Consecutive 5-mm-thick sections were cut and stained with hematoxylin-eosin and safranin O for histological evaluation. After images viewed on a light microscope were digitally converted, ImageJ (National Institutes of Health) was used to outline and measure the thickness of the tendonbone interface. Histomorphometric scoring was performed by 2 independent observers using a previously described scoring system based on 2 criteria: fibrocartilage zone formation and tendon bonding to adjacent tissues (Table I) 21
. The observers could not be blinded to the treatment group because of the obvious difference in the morphology of the sections.
Statistical Methods
A comparison of the modes of failure between the groups was performed with the chi-square test. Comparisons of biomechanical measurements, micro-CT measurements, 
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T 21, 2018 and histomorphometric scores between the groups were performed using independent-samples t tests. For each BT specimen, comparisons between micro-CT measurements of newly formed bone on the cortical surface and that within the bone tunnel were performed using paired-samples t tests. The interrater reliability of the histomorphometric scores between the 2 evaluators was assessed using the intraclass correlation coefficient (ICC 2,2). Two-tailed tests were used for all statistical analyses, with a p value of 0.05 indicating significance.
Results

Intraoperative Complications
T here were no surgical complications, infections, or wound complications in the intraoperative period. One rabbit from the BT group died 3 days postoperatively from atypical bronchopneumonia. At 8 weeks, there were no gross failures (tendon pullout or rupture) at the tenodesis site.
Biomechanical Testing
We found no significant difference in the mean load to failure (and standard deviation) between the BT group (56.8 ± 28.8 N) and the SA group (55.8 ± 14.9 N) (p = 0.92). In comparison, the mean load to failure for the native biceps attachment to the supraglenoid tubercle was >100 N. We also found no significant difference in the mean stiffness between the BT group (26.3 ± 16.6 N/mm) and the SA group (32.3 ± 9.6 N/mm) (p = 0.34) (Fig. 2) . Tendon pullout occurred at the bone tunnel in 8 of the BT specimens (80%), whereas failure at the tenodesis site occurred in only 2 SA specimens (20%), with the rest failing at the tendon midsubstance distal to the tenodesis site (p = 0.02).
Micro-CT Quantification of Newly Formed Bone
The mean total volume of newly formed bone was 69.3 ± 13.9 mm 3 in the BT group and 65.5 ± 21.9 mm 3 in the SA group (p = 0.70) ( Fig. 3 ; link to the digital whole slide image: Cortical Surface Attachment). The mean total tissue mineral density of newly formed bone was 721.4 ± 10.9 mg/cm 3 in the BT group and 698.6 ± 26.2 mg/cm 3 in the SA group (p = 0.07). There were no significant associations between the total bone volume and tissue mineral density of newly formed bone and the biomechanical measurements within each specimen. Representative 3-dimensional micro-CT images of newly formed bone on the cortical surface (Figs. 4-A and 4-B) and within the bone tunnel (Fig. 4-C) in a single specimen in the bone tunnel (BT) group. On average, newly formed bone within the bone tunnel represented only 5.3% of the total new bone formation in the BT group. The digital whole slide microscopic image (Bone-Tunnel Fixation) also shows the paucity of new bone surrounding the tendon in the tunnel.
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The mean bone volume, bone volume fraction (bone volume/total volume), apparent density, and tissue mineral density of newly formed bone on the cortical surface are shown in Table II . The 2 groups did not differ significantly with respect to the mean bone volume and bone volume fraction of newly formed bone on the cortical surface. The mean apparent density and tissue mineral density of newly formed bone on the cortical surface were higher in the BT group than in the SA group (p = 0.03), but these differences were small (differences of 76.8 mg/cm 3 and 28.5 mg/cm 3 for apparent density and tissue mineral density, respectively).
In the BT group, the mean bone volume and tissue mineral density of newly formed bone within the bone tunnel were 3.4 ± 1.8 mm 3 and 614.2 ± 24.9 mg/cm 3 , respectively. On average, newly formed bone within the bone tunnel represented only 5.3% ± 3.4% of the total new bone formed in the BT specimens ( Fig. 4 ; link to the digital whole slide image: Bone-Tunnel Fixation). The intraspecimen tissue mineral density of newly formed bone within the bone tunnel was significantly lower than the tissue mineral density of newly formed bone on the cortical surface (p < 0.01).
Histological Analysis
At 8 weeks, areas of direct tendon-bone interdigitation and early fibrocartilaginous zone formation were observed at the tendon-bone interface on the outer cortical surface in both groups ( Fig. 5 ; links to the digital whole slide images: Bone-Tunnel Fixation; Cortical Surface Attachment). Within the tunnel in the BTspecimens, minimal tendon-bone bonding was observed, with a paucity of trabecular bone in the medullary canal overall (Fig. 6) . The ICC between the scores of the 2 independent observers was 0.75. The mean histomorphometric Representative hematoxylin and eosin (H&E) and safranin O staining (·4) of sagittal paraffin sections through the tendon-bone interface at the cortical surface in the bone tunnel (BT) group (upper panels) and the cortical surface attachment (SA) group (lower panels) at 8 weeks. T = tendon, B = bone, and IF = fibrocartilage interface. Further analysis is possible with the digital whole slide microscopic images (Bone-Tunnel Fixation, Cortical Surface Attachment). Representative safranin O staining of axial sections of the tendon within the bone tunnel at 8 weeks, magnification ·4 (Fig. 6-A) and ·10 (Fig. 6-B) . Minimal tendon-bone bonding is seen. T = tendon, and M = marrow.
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scores were 5.7 ± 1.2 and 6.0 ± 1.6 for the BT group and 6.2 ± 1.8 and 6.2 ± 1.8 for the SA group, with no significant difference in scores between the groups.
Discussion
P revious studies have characterized the process of tendonhealing within a bone tunnel, which progresses through a zone of interposing fibrous tissue that reorganizes until final osseointegration of the tendon [22] [23] [24] . However, in the current study, we observed minimal new bone formation and tendonbone bonding within the bone tunnel, which is consistent with that seen in rats 25 . Although new bone did form around the perimeter of the tunnel, bonding between this new bone and the intratunnel segment of tendon was infrequent and may have been limited by micromotion of the tendon. Mazzocca et al. compared the cyclic displacement of biceps tendons fixed within a bone tunnel or on the cortical surface in cadavers 4 . Although no significant differences in ultimate strength were found between techniques, greater cyclic displacement was noted for bone-tunnel fixation. Motion of the tendon within a bone tunnel delays healing at the tendon-bone interface 26 , and without a robust interference fit between the tendon and cancellous bone, a greater degree of cyclic motion is to be expected. In the current study, the size of the long head of the biceps tendon and the location of the musculotendinous junction were likely factors in the amount of tendon motion within the bone tunnel. While the diameter of the bone tunnel remained consistent (2.4 mm), the tendon diameter and the proximal start of the musculotendinous junction were heterogeneous among the rabbits, leading to variability in the "tightness" of the tendon within the tunnel. Additionally, in quadrupedal animal models, joint motion and loading on the healing tendon are difficult to control because of the inability to reliably immobilize the extremity or restrict weight-bearing. This is likely reflected by the higher variability in failure loads observed in the BT group.
Although tendon-healing within the bone tunnel was minimal, healing on the outer cortical surface was similar between the groups. Prior in vivo investigations of tendonhealing within a bone tunnel frequently have overlooked the concurrent healing that occurs outside, at the tunnel exit site. We believe that this is partly because of the primary utilization of anterior cruciate ligament reconstruction models in the majority of tendon-to-bone healing studies, in which the graft is placed in-line with the intra-articular tunnel 23, [26] [27] [28] [29] , as well as the seeming belief that tendon-healing within the tunnel is the most important determinant of final construct strength 13, 22, 24 . To our knowledge, the only other study to directly compare the tendon-healing profiles between bone tunnel and cortical surface fixation was performed by Silva et al. 13 , who examined tendon-to-bone healing in a canine model of flexor digitorum repair. Better maturation of the tendon-bone interface was reported in surface repairs compared with tunnel repairs; however, for the latter group, the authors did not specifically examine the healing outside the tunnel. Additionally, consistent with the results of our study, bone mineral density and trabecular bone volume were not different between the groups, although the authors computed these measurements from the entire distal phalanx rather than just from newly formed bone. In contrast with our biomechanical results, the authors reported that bone tunnel repairs had a 38% lower ultimate strength compared with surface repairs after 21 days. Although we did not observe any difference in mean failure loads between our experimental groups, our testing was limited by premature failure of the biceps tendon at the midsubstance in the majority of the SA specimens. This may be a result of stress risers at the suture-tendon interface, leading to weakening of the tendon distally. The tenodesis site in these SA specimens may have been stronger than that in BT specimens, although we cannot confirm this. It is important to note that 3 weeks for a large canine model represents an earlier phase of healing than does 8 weeks for our smaller rabbit model. Nevertheless, both studies effectively examined an early-to-middle phase of healing 30 . While our results may have implications for the early-to-middle rehabilitation period, a comparison of fixation techniques after the final maturation phase of healing is ultimately needed to determine which technique facilitates a stronger biological construct.
The supposed benefits of tendon-to-cancellous-bone healing were not confirmed through the results of our study. Although tendons placed within a tunnel theoretically increases their exposure to marrow-derived stem cells, thereby enhancing osseointegration 8, 9 , tendons affixed to the cortical surface can be exposed to a similar milieu from the periosteum or unicortical drill holes 31, 32 . A previous report of rotator cuff healing in a goat model noted no histological differences between repairs in which the tendon was attached to cortical bone versus a cancellous trough at 6 and 12 weeks 33 . Additionally, although greater tendon-bone contact within a tunnel is thought to increase the total area of biological integration, the majority of healing in our BT group occurred outside the tunnel, at the cortical surface.
The results of the present study have several potential clinical implications. Our biomechanical and histological data suggest that cortical fixation of the long head of the biceps tendon exhibits satisfactory tendon-to-bone healing that is similar to previous descriptions of healing of other tendons to cortical bone 13, 33, 34 . Cortical surface fixation can be accomplished with the use of suture anchors or small cortical buttons, which involve drilling smaller holes compared with the larger hole needed to accommodate the width of a docked biceps tendon. Creation of a larger cortical hole can generate stress risers in the proximal humeral shaft, risking a fracture 11, 12 . Additionally, cortical fixation avoids the need for an interference screw and its associated potential complications, including tendon stripping at the screw-tendon interface and cyst formation from the use of bioabsorbable material 18, 35 . Ultimately, both techniques can facilitate good tendon-to-bone healing, and surgeon preference will likely dictate the decision to use one method over the other. n
